We review the status of the liquid mirror project. Interferometric tests of a f/i .2 2.5-rn diameter liquid mirror carried out with a scatterplate interferometer show Strehi ratios of order 0.6, close to the value of 0.8 usually taken to signify that diffraction limit has been reached. The mirror is certainly better than implied by the data because the interferograms were taken with 1/500 second exposures and the wavefronts therefore include the effects of seeing in the testing tower. Correctable small variations of the rotational velocity account for another substantial fraction of the deviations from a parabola. We have videotaped hours of interferogram and PSF observations that show that those that we analyze are representative.
INTRODUCTION
It is well-known that the surface of a spinning liquid takes the shape of a parabola that can be used as the primary mirror of a telescope. The focal length of the mirror is given by L=W(2o), (i) where L is the focal length of the mirror, g the acceleration of gravity and w the angular velocity of the turntable. For mirrors of astronomical interest, the periods of rotations are of the order of a few seconds and the linear velocities of the rims of the order of a few km/hour. Borra 1 has argued that modern technology gives us tracking methods usable with fixed telescopes and should allow us to build large liquid mirrors at low cost.
Consequently, a research and development program was begun to assess the feasibility of the concept. This has led to the demonstration of a diffraction limited 1 .5-m mirror 2,an article that also gives a wealth of technological details, followed by a 2.5-rn mirror 3. Observations with a 1-m and a 1.2-rn LMTs were carried out and led to a milestone: a paper reporting astronomical research done with a LMT 4. We also have built a 2.7-rn f/2 astronomical observatory at the University of British Columbia that saw first light 5, giving images with FWHM < 2 arcseconds, compatible with the seeing expected at a sea level site. Liquid mirrors are interesting in other areas of science besides Astronomy. For example, atmospheric scientists have expressed interest for these inexpensive large mirrors for lidar applications: A lidar facility at the University of Western Ontario housing a 2.6-m diameter liquid mirror receiver has been built and is in operation. The realization of liquid mirrors as large as 2.7-m constitutes a significant milestone since these are large mirrors by today's standards.
The feasibility of liquid mirrors therefore being established, work has now begun on improvements of the technology. We therefore have begun investigating the use of liquids other than mercury as well as ways to increase the field of view accessible to a liquid mirror. This paper reports on the present status of the project.
Optical-Shop Tests
We presently are continuing detailed studies of the 2.5-rn liquid mirror of which early results were reported in 3. The testing facility, instrumentation and software are the same as described in 2, modified to test this particular mirror. The interferometry is done with a scatterplate interferometer. The interferograms are captured with 1/500 second exposure times by a 51 2X480 CCD detector connected to an 8-bit framegrabber interfaced with a computer. They are analyzed with software that uses a Fourier technique 6 capable of giving a substantially greater resolutions and signal-to-noise ratios than the usual fringe-following algorithms. We have improved our hardware and software so that we now can obtain a spatial resolution of the interferometry of 6.5 cm on the mirror, a factor of 2 better than available in 3. Table 1 gives Strehi ratios obtained from the analysis of 8 interferograms taken consecutively with the mirror rotated to the 8 different azimuth angles indicated in Table 1 . Although taken consecutively, the interferograms were separated in time by about 2 minutes so that the time lapsed between the first and last interferograms was about 1 5 minutes. The Strehi ratios have been computed from the Fourier transforms of the wavefronts. We can see Strehi ratios of order 0.6, indicating that the mirror would be limited by the atmosphere in the best astronomical sites. The 1/500 second capture times are sufficiently short that we can detect rapid liquid movements, but they also render the interferometry sensitive to seeing effects in the testing tower. In 2aiid 3 the capture times were 1/30 second. The first 3 columns in Table 1 give the P-V and RMS deviations (in wavelength units at 6328 A) and Strehl ratios for wavefronts from which we have removed average values of coma, defocus and spherical aberration. Analysis of the interferograms shows that there are small fixed and time independent components of astigmatism, coma and spherical aberration; The amplitudes, signs and direction of coma and spherical aberrations can be changed by manipulating the null lenses. In fact, both spherical aberration and coma can easily be created by a little, and usually unavoidable, misalignment of the null lenses. Removing a small amount of aberration with the software is obviously equivalent to doing it with optical alignments. As a consequence, we feel justified to remove from the wavefronts average values of defocus, spherical aberration and coma; the averages are done in time and direction (for coma), namely they are fixed not only iii time but also in azimuth. Note that even this analytical subtraction procedure is unable to remove all the wavefront errors produced by the auxiliary optical components in the testing setup. Therefore, the actual optical quality of the liquid mirror is certainly superior to the experimental results of Table 1 . Raw values of Strehl ratios and the improvements to the wavefront statistics after removal of time independent mean values of defocus, coma and spherical aberration are shown in 3, showing that the corrections are small. Because we remove a mean value of defocus, the statistics of Table 1 include the variations of the focal length of the mirror. In principle our manipulations of the null lenses may remove coma and spherical aberration extant on the surface of the mirror; however, the removal of coma on physical grounds and on the basis of Hartmann tests of the 1.5-rn mirror is justified in2
We have averaged out our 8 wavefronts and, after removal of the mean coma and spherical aberration, find significantly improved statistics as seen in the last line of Table 1 . This result is interesting because it indicates that liquid mirrors can give accurate reference surfaces useful in optical shop tests (e.g. aligning or testing null optics).
Because the mirror is liquid and can shift shape, a few interferograms are not necessarily representative of the optical quality of the mirror. We have analyzed other similar interferograms and have videotaped hours of interferogram data that satisfy us that the interferograrn presented here are representative. A different set of 10 interferograms is presented in 3.
Although Table 1 shows respectable Strehl ratios, one may wonder what degrades the mirror quality. Seeing in the testing tower is a contributor but we fmd that time-varying focus and spherical aberrations are measurable causes of deviation from a perfect parabola. The last two columns of Table 1 show the improvement in Strehl ratios when we only consider 95% and 90% of the aperture. This indicates that a significant departure from a parabola happens at the edges. Indeed inspection of the wavefronts indicates that the edges display the periodic warping discussed in2 that is caused by a varying rotational velocity. A better drive will correct this. Notice that this phenomenon must be periodic, since the observations were taken over a 15-mm period while the period of rotation is 4 seconds. We also find variable coma having a small amplitude (± 0.2 X). Computer simulations show that this amplitude is expected from the 0. 1 arcsecond wobble of the turntable 3. The interferometry cannot detect defects smaller than its spatial resolution on the mirror. High spatial frequency ripples cause extended wings and scattered light far from the core of the PSF. We do indeed see low-amplitude high frequency ripples caused by vibrations originating in the building (see 7 for a knife-edge test showing similar ripples). The importance of ripples and other high spatial frequency defects were estimated in 3, concluding that the scattered light of the liquid mirror is small compared to stellar data.
FIELD CORRECTORS FOR LIQUID MIRROR TELESCOPES
One of the often cited limitations of liquid mirrors addresses the small regions of sky that they can observe. However, this criticism implicitly assumes the corrector designs presently used in astronomical telescopes. In a recent paper Borra 8 has explored analytically the fundamental limits within which one can correct the aberrations of a liquid mirror observing at a large angle from the zenith, showing that the aberrations can, in principle, be corrected over thin (several arcseconds) circular strips of sky to zenith distances as high as 45 degrees, useful for astronomical observations that do not require a large field of view such as spectroscopy of single objects or very high resolution imagery. However, this was only a theoretical exploration and practical correctors must still be demonstrated. We have considered a corrector design that uses the active mirror technology pioneered by Lemaltre 9. Our goal was to produce as simple a system as possible that could be feasible with today's technology. We investigated with optical design software a simple system consisting of a single active spherical secondary to which were added aberrations up to 7th order. It gave subarcsecond images in small subregions within a 20 degree field. Although this performance is insufficient for imagery, it would be useful for high-resolution spectroscopy of compact objects. Adding adaptive optics would render it competitive for high-resolution imagery since the field of view would then be limited by the size of the isoplanatic patch. This work was reported in We now have carried out experimental work to determine whether it is possible to mechanically bend a metallic mirror to add several aberrations to its surface. We successfully added third and fifthorder aberrations to a 20-cm diameter mirror. Figure 3 shows an interferogram of a 20 cm diameter mirror warped mechanically. The fringes indicate the successful superposition of tilt, spherical aberration, Coma3, Astigm3 and Astigm33 (triangular astigmatism).
The one-mirror active corrector gives adequate performance for spectroscopy but haa insufficient image quality and field of view for imagery. We have thus begun investigating with optical design software a family of practical 2-mirror correctors that promises to give images and fields of view usable for imagery.
We started from the Paul-Baker design to which we have added an aspheric shape by applying a 10th order polynomial correction to the spherical surfaces of secondary and tertiary and introduced additional degrees of freedoms by allowing decentering and tilting of the secondary and tertiary mirrors. For large zenith distances, the additional degrees of freedom and the asphericity help to control higher order aberrations. The resulting surfaces of revolution are larger than the primary mirror, giving unacceptable vignetting. However, by using only the off-axis segments that actually collect the light rays, we obtain secondary and tertiary mirrors having reasonable diameters. The design is versatile and, for a given zenith distance, there is a rich variety of possible configurations, yielding very different focal lengths and geometrical setups. For example, it is possible to place the tertiary mirror close to the secondary, to yield a compact system or, alternatively, place it far from the secondary but near the ground, for easier access. We have selected as an example a 4-m diameter f15 parabolic primary. Prima facie, a ff5 telescope seems overly slow, requiring a tall structure; which is however not as critical for a fixed telescope as it is for a tiltable one since the shelter merely consists of a tall silo. Cost estimates from a local architect indicates that the cost penalty of a slow telescope is not serious.
In principle the telescope could track by moving and warping the mirrors to follow an object in the sky, but the geometry of the corrector and the shapes of the mirrors must change in real time to track. A simpler system can use a rigid corrector with a driftscanning survey telescope tracking electronically with a CCD detector. The information is stored and the nightly observations coadded with a computer. This technique has been demonstrated with a 2.7-rn liquid mirror telescope 5. The optical and mechanical setups are then simple since the corrector is set for a particular zenith distance and does not have to be adjusted to work at different zenith distances. A corrector designed for a given zenith distance 0 (e.g. 10.0 degrees) can be used to observe objects passing anywhere within a field of view of 20 (e.g. 20 degrees) by moving it at different azimuths but at a fixed zenith distance.
Once a sufficiently large accessible field is achieved, a fixed primary and movable correctors yield a more efficient system than a classical tiltable telescope. A classical telescope can only observe a field at a time, while a fixed primary with several correctors could access many widely separated fields simultaneously. One can readily envision a corrector tracking a field North of the zenith at the same time as another one tracks in the South, while fixed correctors at the edge of the field carry out surveys in the driftscanning mode. This primary-sharing setup, allowing several research programs to be carried out simultaneously, is particularly attractive for very large telescopes, for which observing time is at a premium.
GALLIUM MIRRORS
Mercury LMs work but mercury is heavy (p = 14), driving up costs since it requires strong containers and bearings. It is thus important to find a reflecting liquid lighter than Hg to decrease costs. Gallium and its eutectic alloys have half the density of Hg, resulting in lighter mirrors and therefore less expensive bearings and containers that more than compensate for the higher cost of Ga. The 30 degrees melting temperature of Ga is not an obstacle for our experiments show that it is easy to supercool and very stable in the supercooled state. We have supercooled Ga samples to -27 degrees C. We have demonstrated a 50-cm diameter Ga mirror that stayed liquid at room temperature. We know how to avoid the opaque scum that forms on liquid Ga. We have made a 1-m diameter gallium-indium mirror. A simple knife-edge shows the signature of a parabola and a reasonable surface quality. We are continuing work with Ga and its eutectic alloys (some of which have melting temperature 0 0 C and can be supercooled) and will test mirrors of increasing sizes and use them for demonstration stellar observations.
CONCLUSION
Our optical tests of a 2.5-rn diameter liquid mirror gave RMS wavefront deviations AJ10
(at 6328 A) and Strehl ratios near 0.6, indicating that the mirror would be limited by the atmosphere in the best astronomical sites. With the demonstration of this nearly diffraction-limited 2.5-m mirror, we have reached a significant milestone since a 2.5-rn diameter is a world-class size; furthermore, success with such a fast system all but guarantees that a slower 4-rn mirror should be feasible. Work with gallium alloy mirrors shows promise.
Our exploration of novel correctors optimized for fixed telescopes shows promise. Raytracing computations of a one-mirror system show subarcsecond images in a 20-degree field within narrow subregions useful for applications such as single-object (or area) spectroscopy. We now have begun experimental work that shows that the concept is viable.
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